Methylation of histone H4 lysine 20 (H4K20me) is essential for recruiting checkpoint proteins 53BP1/ Crb2 to DNA lesions and subsequent activation of a DNA-damage checkpoint. In fission yeast, Set9 (spKMT5) catalyzes mono-, di-, and trimethylation of H4K20. However, the mechanisms that regulate Set9 function are poorly understood. Here, we identified a PWWP domain protein Pdp1 as a Set9-associated factor. Pdp1 binds to histones and is required for Set9 chromatin localization. Yeast cells without Pdp1 were deficient in all three states of H4K20me, sensitive to genotoxic treatments, and impaired in Crb2 recruitment. The PWWP domain of Pdp1 binds to H4K20me, and mutations within the PWWP domain that abrogated this interaction in vitro reduced both the association of Set9 with chromatin and the extent of H4K20me in vivo. These results demonstrate that the PWWP domain is a new methyl-lysine recognition motif that plays important roles in epigenetic regulation.
INTRODUCTION
In eukaryotic cells, genomic DNA is folded with histone and nonhistone proteins into chromatin. The building block of chromatin is the nucleosome, which contains 146 base pairs of DNA wrapped around an octamer of histones (two each of H2A, H2B, H3, and H4) (Luger et al., 1997) . Covalent modification of histones and DNA along with chromatin remodeling are essential features of an intricate epigenetic system for the regulation of chromatin structure and function. These epigenetic modifications not only affect compaction of DNA in the nucleus but also play important regulatory roles in almost every aspect of DNA metabolism including transcription, replication, recombination, and DNA repair (Berger, 2007; Downs et al., 2007; Groth et al., 2007; Kouzarides, 2007; Li et al., 2007) .
Lysine methylation is one of the most intriguing histone modifications due to its remarkable specificity (Martin and Zhang, 2005) . It is detected on many histone lysines, each of which can be mono-, di-, or trimethylated (me1, me2, and me3, respectively). These highly conserved modifications normally cluster within specific regions of the genome to organize chromosomes into distinct structural and functional domains. For instance, H3K4me (methylation of histone H3 lysine 4) is usually associated with actively transcribed genes, whereas H3K9me is enriched at transcriptionally repressed heterochromatin structures (Litt et al., 2001; Noma et al., 2001) . In addition to controlling gene expression, H3K79me and H4K20me are required for efficient recruitment of checkpoint proteins 53BP1/Crb2 to sites of DNA damage (Botuyan et al., 2006; Du et al., 2006; Huyen et al., 2004; Sanders et al., 2004) . The subsequent activation of DNA-damage checkpoints transiently arrests the cell cycle to allow DNA repair, thus preventing the propagation of DNA lesions (Rouse and Jackson, 2002; Zhou and Elledge, 2000) .
The distinct distribution profiles of various histone lysine methylations across genomes suggest that the enzymes that catalyze histone lysine methylation, the histone methyltransferases (HMTases), are tightly regulated. Indeed, many HMTases form highly conserved complexes with other chromatin proteins to regulate their localization or activities. For example, the E3 ubiquitin ligase complex Cul4-Rik1 associates with the H3K9 HMTase Clr4 and regulates its localization to repetitive DNA elements to establish heterochromatin (Hong et al., 2005; Horn et al., 2005; Jia et al., 2005) . The H3K27 HMTase E(Z)/EZH2 forms the polycomb repressive complex 2 (PRC2) that includes ESC/EED and SU(Z)12, which are essential for its HMTase activity Czermin et al., 2002; Kuzmichev et al., 2002; Muller et al., 2002) . In some cases, the associated proteins also regulate the processivity of HMTases. For instance, the association of mAM with ESET/SETDB1 is required for trimethylation of H3K9, and WDR5 of the MLL complexes is essential for trimethylation of H3K4 (Wang et al., 2003; Wysocka et al., 2005) .
The methylation of H4K20 is involved in a diverse array of cellular processes, such as organizing higher-order chromatin, maintaining genome stability, and regulating cell-cycle progression (Fang et al., 2002; Julien and Herr, 2004; Karachentsev et al., 2005; Nishioka et al., 2002; Rice et al., 2002; Sakaguchi and Steward, 2007; Schotta et al., 2004 Schotta et al., , 2008 . Multiple enzymes in higher eukaryotes catalyze H4K20me. PR-Set7/Set8 is responsible for H4K20me1 (Couture et al., 2005; Fang et al., 2002; Nishioka et al., 2002; Xiao et al., 2005) , whereas Suv4-20hs are responsible for H4K20me2 and H4K20me3 (Schotta et al., 2004 (Schotta et al., , 2008 Yang et al., 2008) . In contrast, in fission yeast Schizosaccharomyces pombe, Set9 is the sole enzyme that catalyzes all three states of H4K20me (Sanders et al., 2004) , and Set9-mediated H4K20me is required for efficient recruitment of checkpoint protein Crb2 to sites of DNA damage (Du et al., 2006; Sanders et al., 2004) . This process is highly conserved with the recruitment of 53BP1 (a Crb2 homolog) in mammals (Botuyan et al., 2006) . Structural analysis of 53BP1 and Crb2 indicate that they both recognize H4K20me2/H4K20me1, but not H4K20me3, because their binding cavities contain four aromatic residues that prevent the binding of the bulkier trimethylated form (Botuyan et al., 2006) . Indeed, biochemical studies demonstrated that 53BP1/Crb2 associates only with H4K20me1 and H4K20me2 (Botuyan et al., 2006; Greeson et al., 2008; Kim et al., 2006) , and only H4K20me2 is involved in the recruitment of Crb2 (Greeson et al., 2008) . However, the mechanism that regulates Set9 to perform different degrees of H4K20me is poorly understood.
To gain insights into the mechanism underlying the regulation of Set9, we affinity-purified Set9 complex from fission yeast. We found an uncharacterized PWWP (proline-tryptophan-tryptophan-proline) domain-containing protein, Pdp1 (PWWP domain protein 1), that associates with Set9 and is required for all three states of H4K20me. We demonstrated that Pdp1 interacts with histones and regulates the association of Set9 with chromatin. The PWWP domain belongs to the Royal family (Maurer-Stroh et al., 2003) . Members of this family also include Tudor, chromo, and MBT domains, which use aromatic residues to form hydrophobic cavities to interact with methylated histones or chromatin proteins (Maurer-Stroh et al., 2003; Ruthenburg et al., 2007) . We discovered that the PWWP domain of Pdp1 binds to H4K20me in vitro and in vivo. Furthermore, mutations of two conserved aromatic residues in a hydrophobic cavity of the PWWP domain abolished this interaction and resulted in the selective loss of H4K20me3 in vivo, establishing that the PWWP domain is a methyl-lysine recognition motif.
RESULTS

Purification of Set9 Complex
To elucidate the mechanism that regulates Set9 function, we generated a yeast strain expressing Set9-Flag driven by its natural promoter from the endogenous chromatin environment.
Set9-Flag cells did not show defects in survival after UV treatment and retain H4K20 methylation ( Figure 1A and Figure S1 available online), indicating that Set9-Flag is functional. Affinity purification with Flag resin revealed two protein bands that were specifically present in the Set9-Flag purified fraction but were absent in the untagged control fraction ( Figure 1B ). Mass spectrometry analysis of gel-excised bands identified the protein with a relative molecular mass of 55 KDa as Set9, which was confirmed by western blot analysis ( Figure 1C ). The protein with a molecular weight of 40 KDa was identified as SPBC29A3.13, an uncharacterized PWWP domain protein, which we named Pdp1. In addition, mass spectrometry analysis of the Set9-Flag complex by MudPIT analysis (Multidimensional Protein Identification Technology) (Washburn et al., 2001 ) also identified Pdp1 and Set9 as major components of the complex ( Figure 1D ).
To confirm the interaction between Pdp1 and Set9 in vivo, we generated strains expressing functional Flag-Pdp1 and Set9-myc at their native chromosomal loci ( Figure S1 ). When protein extracts from cells expressing both Set9-myc and Flag-Pdp1 were used to perform immunoprecipitation analysis, Set9-myc coimmunoprecipitated with Flag-Pdp1 (Figure 2A ). In addition, we could immunoprecipitate endogenous Set9 with Flag-Pdp1 ( Figure 2B ).
Because Pdp1 is the only protein present in stoichiometric amount with Set9 as indicated by Coomassie staining and Mud-PIT analysis ( Figures 1B and 1D ), we examined whether these two proteins associate with each other directly using a GST pull-down assay. We found that 35 S-labled Pdp1 was retained by GST-Set9 resin, but not control resin with only the GST moiety ( Figure 2C ). Meanwhile, a control Luciferase (Luc) protein did not interact with GST-Set9 ( Figure 2C ), demonstrating that the interaction between Set9 and Pdp1 is specific.
Since Pdp1 interacts directly with Set9, we also mapped the domain in Pdp1 that is responsible for this interaction. Interestingly, a fragment of Pdp1 that contains only the PWWP domain (Pdp1-N) failed to interact with GST-Set9 ( Figure 2D ), although the PWWP domain has been proposed to mediate protein-protein interactions (Stec et al., 2000) . Instead, sequences C-terminal to the PWWP domain of Pdp1 (Pdp1-C) interacted with GST-Set9 ( Figure 2D ).
Pdp1 Is Essential for H4K20 Methylation
The interaction between Pdp1 and Set9 suggests that Pdp1 might affect Set9-mediated H4K20 methylation. Indeed, western blot analysis of cell extract prepared from pdp1D strains showed complete loss of mono-, di-, and trimethylation of H4K20, a phenotype identical to that of set9D strains ( Figure 3A ). Set9 protein levels were not affected by the loss of Pdp1 ( Figure 3B ), indicating that Pdp1 regulates the localization or activity of Set9 rather than controlling Set9 stability.
Because the histone methyltransferase activity of Set9 is extremely weak in vitro (data not shown, as noted in an earlier study, Sanders et al. [2004] ), we were unable to analyze the effect of Pdp1 on Set9 activity. To examine whether Pdp1 is critical for the recruitment of Set9 to chromatin, we generated a yeast strain expressing H2B-Flag at its endogenous chromosomal locus. Cell extracts from H2B-Flag strains were sonicated to fragment chromatin to an average size of 1 kb and affinitypurified with anti-Flag resin to isolate nucleosomes. We found that Set9 was immunoprecipitated with the nucleosomes, but its association was abolished in the absence of Pdp1 ( Figure 3C ). We also isolated mononucleosomes by micrococcal nuclease digestion and found that the interaction of Set9 with nucleosomes was also abolished in pdp1D cells, thus ruling out the possibility that Set9 was associating with higher-order chromatin structures imposed by Pdp1 ( Figure S3 ).
The requirement of Pdp1 for Set9 localization indicates that Pdp1 might directly interact with histones. Consistent with this idea, MudPIT mass spectrometry analysis of affinity purified Flag-Pdp1 identified all of the four core histones (data not shown). Furthermore, when GST-Pdp1 was incubated with HeLa histone octamers, it selectively interacted with histone H3 and H4, which possibly reflect H3/H4 tetramers ( Figure 3D ).
Pdp1
Is Necessary for DNA-Damage-Checkpoint Activation In fission yeast, DNA damage activates the sensor kinase Rad3-Rad26 complex (ATR-ATRIP in mammals) (Carr and Casprari, 2003) . Rad3 then phosphorylates and activates the effector kinase Chk1, which further triggers a delay in G2-M transition (Carr and Casprari, 2003; Walworth and Bernards, 1996) . Set9-mediated H4K20 methylation is required for Chk1 phosphorylation to activate the G2-specific DNA-damage checkpoint (Sanders et al., 2004) . Yeast cells without Set9 or with a H4K20R mutation are sensitive to DNA damage induced by ultraviolet light (UV) or ionizing radiation (IR) (Sanders et al., 2004) . Consistent with the idea that Pdp1 and Set9 cooperatively mediate H4K20 methylation, pdp1D cells showed similar degrees of sensitivity to UV and IR as set9D cells ( Figures 4A and 4B ). More importantly, a set9D pdp1D double mutant behaved as either single mutant, indicating that they function in the same pathway genetically ( Figures 4A and 4B ). Furthermore, both pdp1D H4K20R and set9D H4K20R double mutants showed similar degrees of UV sensitivity to that of a H4K20R single mutant ( Figure S4 ). Thus, the effects of Pdp1 loss on DNAdamage-checkpoint function are due to the loss of H4K20 methylation. Additionally, DNA-damage-induced phosphorylation of Chk1 is severely compromised in pdp1D cells ( Figure 4C ), and a pdp1D rad3D double mutant showed a similar degree of DNA damage sensitivity to that of a rad3D single mutant ( Figure 4D ). Collectively, these results demonstrate that Pdp1 is required for the activation of a DNA-damage checkpoint mediated by Rad3-Chk1. Rad3-mediated phosphorylation of Chk1 requires Crb2, an S. pombe homolog of mammalian 53BP1 (Saka et al., 1997) that interacts with H4K20me (Botuyan et al., 2006; Greeson et al., 2008) . In response to DNA damage, Crb2 is rapidly recruited to distinct nuclear foci that represent sites of DNA lesions and concomitantly phosphorylated (Du et al., 2003; Saka et al., 1997) . Crb2 foci formation and phosphorylation require both methylation of H4K20 and phosphorylation of H2A (H2AX in mammals) at its C-terminal SQ motif (Du et al., 2006; Nakamura et al., 2004; Sanders et al., 2004) . Since Pdp1 is essential for H4K20me, we examined whether Pdp1 is directly involved in the recruitment of Crb2 by live cell imaging of cells expressing GFP-Crb2 (Sanders et al., 2004) . In wild-type cells, GFP-Crb2 forms distinct foci in addition to a diffuse nuclear staining after treatment of cells with low doses of IR ( Figure 5A ). However, in the absence of Pdp1, GFPCrb2 foci are severely reduced ( Figure 5A ). We also examined the effect of pdp1D on Crb2 phosphorylation after DNA damage using a strain expressing myc-Crb2 (Sanders et al., 2004) . In wild-type cells, Crb2 exhibited a slower migrating form on SDS-PAGE gels after IR treatment ( Figure 5B ), which represents phosphorylated Crb2 (Saka et al., 1997; Sanders et al., 2004) . However, this slowmigrating form of Crb2 is abolished in pdp1D as well as set9D cells ( Figure 5B ), demonstrating that Pdp1 is essential for Crb2 phosphorylation. Since the recruitment and phosphorylation of Crb2 depend on both H4K20me and H2A phosphorylation (Du et al., 2006; Nakamura et al., 2004; Sanders et al., 2004) , we also examined the effect of pdp1D on H2A phosphorylation with a phosphorylated H2A antibody. However, neither pdp1D nor set9D affected H2A phosphorylation ( Figure 5B ), demonstrating that the effect of Pdp1D on Crb2 localization and phosphorylation is mainly exerted through its effect on H4K20me. Consistent with this idea, both crb2D pdp1D and crb2D set9D double mutants showed similar DNA-damage sensitivity to UV and IR as that of a crb2D single mutant ( Figure 5C ).
A Hydrophobic Cavity in the PWWP Domain of Pdp1 Is Crucial for H4K20me3
The PWWP domain is a member of the Royal family, which includes chromo, Tudor, and MBT domains (Maurer-Stroh et al., 2003) . Although many of the royal family members bind methylated histones to regulate chromatin dynamics, the function of the PWWP domain is unknown (Maurer-Stroh et al., 2003; Ruthenburg et al., 2007; Stec et al., 2000) . Structural studies demonstrated that the chromo, Tudor, and MBT domains use aromatic residues to form hydrophobic cavities to recognize methylated histones (Ruthenburg et al., 2007) . Interestingly, the structures of several PWWP domains show that they also form hydrophobic cavities with aromatic residues (Qiu et al., 2002; Slater et al., 2003; Nameki et al., 2005) . For example, an S. pombe PWWP domain protein of unknown function, SPBC215.07c (Pdp2), contains three highly conserved aromatic residues in the PWWP domain (F136, W139, F169, shown in green, blue, and red, respectively, in Figures 6A and  6B ), which forms a cavity similar to that of a Tudor domain (Slater et al., 2003) . To test whether this hydrophobic cavity is important for the function of Pdp1, we mutated the corresponding residues in Pdp1 into alanines (Y63A, W66A, and F94A). As a control, we also mutated a highly conserved aromatic residue (W65A, corresponding to W138 of Pdp2, shown in pink in Figure 6B ), which is close by but faces away from this cavity. We then introduced these mutations together with a 33 Flag tag into the endogenous Pdp1 + locus. All mutant Pdp1 proteins had similar expression levels as wild-type Pdp1 ( Figure 6C ), indicating that these mutations do not affect Pdp1 stability. Moreover, immunoprecipitation of Flag-Pdp1 and all of the mutants can efficiently pull down Set9 from cell extracts, demonstrating that these mutants do not affect Pdp1-Set9 association ( Figure S5 ). However, two mutants, W66A and F94A, severely reduced H4K20me3 levels (Figure 6C ). As further demonstration of the importance of these aromatic residues, overexpression of W66A and F94A mutants in a wild-type Pdp1 + background also severely reduced H4K20me3, suggesting that these two mutant forms of Pdp1 could block the function of endogenous Pdp1 ( Figure S6 ). Since Pdp1 is required for the association of Set9 with chromatin, we examined whether these mutants affect Set9 localization as well. Indeed, the association of Set9 with nucleosomes is severely reduced in W66A and F94A mutants ( Figure 6D ), suggesting that the integrity of the PWWP domain is essential for targeting Set9 to chromatin. It is surprising that the Y63A mutation behaved differently from W66A and F94A, since it is also located at the same cavity as indicated by the structure of Pdp2 (Slater et al., 2003) . However, the structures of other PWWP domains indicate that this residue shows a high degree of flexibility (Qiu et al., 2002) , which might have a different configuration in Pdp1 that is not critical for the integrity of the hydrophobic cavity.
Although H4K20me3 is severely affected in W66A and F94A mutants, H4K20me2 levels were unchanged and there was a significant increase of H4K20me1 ( Figure 6C ). These results suggest that the PWWP domain of Pdp1 is involved in controlling the activity of Set9 enzyme to regulate the extent of H4K20me. Interestingly, the W66A and F94A mutants were not sensitive to IR or UV ( Figure 6E ), and Chk1 was efficiently phosphorylated in these cells after UV treatment ( Figure 6F ), although H4K20me3 was severely compromised. These results indicate that the selective loss of H4K20me3 has no effect on DNA-damagecheckpoint activation, as has been reported recently (Greeson et al., 2008) . Since both set9D and a mutation of H4K20 (H4K20R) result in defective checkpoint function, this result indicates that only H4K20me2 or H4K20me1 are involved in DNAdamage-checkpoint control, consistent with biochemical and structural studies demonstrating that 53BP1/Crb2 recognizes H4K20me1 and H4K20me2, but not H4K20me3 (Botuyan et al., 2006; Greeson et al., 2008; Kim et al., 2006) .
The PWWP Domain of Pdp1 Binds to H4K20me
As the homologous locations of W66 and F94 on Tudor domain have been implicated in binding to methylated lysines (Maurer-Stroh et al., 2003; Slater et al., 2003) , the PWWP domain might recognize methylated histones as well. Supporting this idea, GST-Pdp1 showed reduced binding to histone octamers reconstituted with recombinant histones, which are devoid of any modifications, as compared with native histone octamers purified from HeLa cells ( Figure 7A ). We reasoned that if Pdp1 interacts with a particular histone methylation through the hydrophobic cavity in the PWWP domain, inactivating the enzyme that catalyzes this modification in vivo would affect H4K20me3, similar to Pdp1 mutants. The fission yeast genome contains 13 putative histone lysine methyltransferases (Set1 through Set13) and 4 putative arginine methyltransferases (Rmt1, Rmt2, Rmt3, and Skb7). Among them, Set1, Set2, Clr4, and Set9 have been shown to methylate histones (Morris et al., 2005; Nakayama et al., 2001; Noma and Grewal, 2002; Sanders et al., 2004) . However, except for set9D, removal of none of the other putative methyltransferases affected H4K20me3 ( Figure S7 ). This result suggests that if Pdp1 interacts with methylated histones, H4K20me might be the only possible target. Supporting this idea, when we examined the association of HA-Pdp1 with chromatin in vivo by pull-down assay with H2B-Flag, we found its chromatin association is abolished by a set9D or a H4K20R mutation ( Figure 7B ), suggesting that Pdp1 chromatin localization requires H4K20me.
To examine whether the PWWP domain of Pdp1 directly interacts with H4K20me in vitro, we expressed recombinant PWWP domain (1-157) as a GST fusion protein and examined its interaction with yeast nucleosomes isolated through H2B-Flag, which were washed with high stringency to remove nonhistone proteins. We found that the PWWP domain interacted with nucleosomes purified from wild-type cells, but not those from set9D or H4K20R cells, demonstrating that the PWWP domain interacts directly with H4K20me ( Figure 7C) .
To further probe which degree of H4K20me the PWWP domain interacts with, we performed peptide pull-down assays with H4K20 peptides that contain different degrees of methylation. We found that the PWWP domain only interacts with H4K20me1, but not unmodified H4K20, H4K20me2, or H4K20me3 peptides ( Figure 7D ). As a control, the Tudor domain of JMJD2A interacts with H4K20me2 and H4K20me3 ( Figure 7D ) , demonstrating the integrity of these peptides. In fission yeast, histones are also methylated at H3K4, H3K9, and H3K36; however, the PWWP domain did not interact with peptides monomethylated at these residues ( Figure 7E ). Furthermore, the W66A and F94A mutants abolished the interaction between the PWWP domain and H4K20me1, demonstrating that the hydrophobic cavity of the PWWP domain is essential for this interaction ( Figure 7F ). 
DISCUSSION
In fission yeast, Set9 is responsible for H4K20 methylation and activation of a DNA-damage checkpoint (Sanders et al., 2004) . However, the mechanism that regulates Set9 function is not understood. Using biochemical purification, we identified a PWWP domain-containing protein Pdp1 that associates with Set9 ( Figure 1B) . Pdp1 is required for all three states of H4K20me in vivo ( Figure 3A ) and for the activation of a DNA-damage checkpoint (Figure 4 and 5) .
We further demonstrated that Pdp1 is required for the association of Set9 with chromatin ( Figure 3C ). The C-terminal region of Pdp1 mediates association with Set9 ( Figure 2D) , whereas the N-terminal PWWP domain recognizes H4K20me1 ( Figure 7D) . Mutations within the PWWP domain that disrupt this interaction ( Figure 7E ) resulted in the delocalization of Set9 from chromatin ( Figure 6D ), loss of H4K20me3, and concomitant increase of H4K20me1 ( Figure 6C ). These results suggest that Pdp1 associates with H4K20me1 to increase the concentration of Set9 on chromatin to perform H4K20me3, whereas the low level of Set9 on chromatin in Pdp1 mutants is sufficient for H4K20me1 and H4K20me2 ( Figure 6D ). Consistently, overexpression of Set9 in the absence of Pdp1 could rescue H4K20me1 and, to some extent, H4K20me2 ( Figure S8 ), suggesting that Pdp1 is essential for recruiting higher concentration of Set9 to chromatin to perform H4K20me3. Although the weak activity of Set9 in vitro precludes us from determining whether Pdp1 directly regulates Set9 activity (Sanders et al., 2004 ) (data not shown), our data indicate that the effect of Pdp1 on H4K20me in vivo is mainly exerted through its effect on Set9 chromatin localization.
Interestingly, the loss of H4K20me3 as a result of mutations in the PWWP domain has no effect on DNA-damage-checkpoint function, suggesting that H4K20me2 or H4K20me1, but not H4K20me3, is essential for checkpoint activation (Figures 6E and 6F) (Greeson et al., 2008) . This observation is consistent with biochemical and structural studies that demonstrate the preferential association of 53BP1/Crb2 with H4K20me2, but not H4K20me3 (Botuyan et al., 2006; Greeson et al., 2008; Kim et al., 2006) . In higher eukaryotes, H4K20me3 is mainly enriched at heterochromatin and is required for proper heterochromatin assembly (Schotta et al., 2004) . However, in fission yeast, H4K20me3 is broadly distributed across the genome (Sanders et al., 2004) . The function of H4K20me3 in fission yeast is currently unknown, as no phenotypes of pdp1 + mutant cells were observed under various stress conditions (data not shown). This is consistent with a previous report that set9D has no effect on gene expression or stress response other than DNA-damagecheckpoint function (Sanders et al., 2004) . However, our ability to manipulate methylation states with Pdp1 mutations offers a unique opportunity to further probe the role of H4K20me3 on cellular functions.
In mammals, several HMTases, such as NSD1 and NSD2, contain PWWP domains (Stec et al., 2000) . NSD1 is known to methylate H4K20 and H3K36 and is required for early embryonic development (Rayasam et al., 2003) . Whether the PWWP domain contributes to the regulation of these enzymes is currently unknown, but it seems a general theme that chromatin-binding domains regulate associated HMTase activities.
For example, the mammalian H4K20 methyltransferase Suv4-20 associates with chromo domain protein HP1, which binds to H3K9me and is required for H4K20me3 (Schotta et al., 2004) . Similarly, the H3K9 methyltransferase Clr4 contains a chromo domain that recognizes H3K9me to promote the spread of this modification across large chromosomal domains (Zhang et al., 2008) .
The PWWP domain is present in diverse proteins involved in chromatin function, including histone-modifying enzymes, DNA-modifying enzymes, transcription factors, and DNA-repair proteins (Stec et al., 2000) . Apart from Pdp1, fission yeast contains two other PWWP domain proteins, Pdp2 and Pdp3 (SPAC23D3.01), of unknown function. Although they share strong homology with Pdp1 even outside the PWWP domain, the removal of Pdp2 or Pdp3 had no effect on H4K20 methylation or sensitivity to DNA-damage treatments, suggesting that they participate in distinct cellular processes ( Figure S9 ). The PWWP domain was previously shown to bind histones or DNA (Qiu et al., 2002; Laue et al., 2008) ; however, its function is still unclear. The homology between PWWP, Tudor, chromo, and MBT domains suggests that the PWWP domain might recognize methylated histones as well (Maurer-Stroh et al., 2003; Ruthenburg et al., 2007) . However, previous analysis with a protein array containing PWWP domains failed to detect any interaction with methylated histone peptides . It should be noted that only a limited number of PWWP domains and methylated histone peptides were tested for binding . In addition, a recent comparison of the protein array method with peptide pull-down assays or isothermal titration calorimetry demonstrates that the array method is less sensitive (Shi et al., 2007) . Our analysis demonstrated that the PWWP domain of Pdp1 binds to H4K20me in vivo and in vitro (Figure 7) , suggesting that methyl-lysine recognition might be a general characteristic of PWWP domains.
It is interesting to note that the PWWP domain is only present in eukaryotes and is often associated with chromatin function (Stec et al., 2000) . This suggests that the PWWP domain might have coevolved with chromatin as a regulator of chromatin organization. Our analyses demonstrate that, consistent with structural predictions (Maurer-Stroh et al., 2003) , the PWWP domain is a new member of the ever-expanding family of motifs that recognize methylated lysines. Interestingly, variations exist in PWWP domains. For example, the NSD1 family of histone methyltransferases often contains a RWWP motif, whereas DNMT3a/ b contains an SWWP motif, which results in significant structural variations (Slater et al., 2003) (Figure 6A ). The large number of PWWP domain proteins and these structural variations make them ideal for recognizing different residues and/or degrees of histone methylation. Further analysis to elucidate the binding specificity of this domain in other proteins will greatly improve our understanding of the complicated network of histone covalent modifications.
EXPERIMENTAL PROCEDURES Fission Yeast Strains
Set9-Flag, Set9-myc, set9D, pdp1D, and Htb1-Flag strains were constructed using a PCR-based module method (Bahler et al., 1998 
Mass Spectrometry Analysis
Sample preparation and MudPIT analysis of protein complexes were performed using an LCQ-Deca mass spectrometer (ThremoFinnigan) as previously described (Washburn et al., 2001) . MS/MS spectra were submitted to SGD Schizosaccharomyces pombe (ver. 10-12-06) protein sequence database searching with the SEQUEST algorithm (Eng et al., 1994) .
Protein-Protein Interaction Assays
Purification of GST-Set9 and GST-PWWP fusion proteins was performed according to the manufacturer's protocols (GE). Pdp1 was labeled with [
35 S]methionine with the TNT T7 coupled reticulocyte lysate system (Promega). For the binding assays, 2 mg of a GST-Set9 fusion protein was immobilized on glutathione-agarose beads in 400 ml HEMNK buffer (40 mM HEPES [pH 7.6], 0.2 mM EDTA, 5 mM MgCl 2 , 0.5% NP40, 100 mM KCl, and 1 mM DTT) and incubated with 10 ml of in vitro translation products for 1 hr at 4 C.
The beads were washed five times with 1 ml of HEMNK, eluted with sample buffer, and resolved by SDS-PAGE. The gel was then dried and exposed to film.
Western Blots and Antibodies
Protein extracts were prepared by lysing cells with glass beads, followed by sonication to dissolve chromatin. The following antibodies were used for western blot analyses: H4K20me1 (Abcam, ab9051), H4K20me2 (Abcam, ab9052 and Upstate, 07-367), H4K20me3 (Abcam, ab9053), Set9 (Abcam, ab3826), phospho-H2A (Abcam, ab15083), myc (Covance, MMP-150), HA (Roche, 12013819001), GST (Sigma, G7781), and Flag (Sigma, F7425).
DNA-Damage-Sensitivity Assays
For IR and UV treatment, serial dilutions of cells were plated onto YEA plates and irradiated with a 137 Cs source at a dose of 7 Gy/min or a UVP CL-1000 crosslinker (254 nm) and incubated for 3 days at 30 C. For survival rate analysis, cells were plated at a density of 500-2000 cells/plate and irradiated with UV. Colonies were counted after 3 days at 30 C and normalized to colony numbers without UV treatment. All strains used to test DNA-damage sensitivity are ura4 + . Analysis of Chk1, Crb2, and H2A phosphorylation after UV treatment was performed as described previously (Walworth and Bernards, 1996) . Peptide Pull-Down Assays Histone peptides containing different degrees of H4K20 methylation (Abcam ab14963, ab17043, ab14964, and ab17567), H3K4me1 (ab1340), H3K9me1 (ab1771), or H3K36me1 (ab1783) were immobilized on agarose resin with SulforLink Immobilization Kit for peptides according to the manufacturer's protocol (Thermo, 44999). For peptide pull-down assays, 1 mg of GST-PWWP, GST-PWWP-W66A, or GST-PWWP-F94A proteins were incubated with 1 mg of immobilized peptides in 13 HC buffer containing 200 mM KCl for 4 hr at 4 C and washed extensively. Bound proteins were eluted with 100 mM glycine (pH 2.8), resolved by SDS-PAGE, and western blot analyses were performed with a GST antibody.
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